Introduction
There is an urgent need for therapies to treat non-small cell lung cancer (NSCLC)-which represents 80 % of all malignancies affecting the lung and is the leading cause of cancer death worldwide [1] . However, new therapies to target lung cancer are hampered by the diverse molecular and histological variants of the disease. While targeted therapies are emerging agents to address this need-limited survival benefits, rapid resistance and significant side effects speak to ongoing limitations with these approaches so far. New disease modifying agents are needed to control NSCLC and preferably also improve patient health and symptoms during therapy. Ideally, new therapies would also complement or synergize with the emerging array of targeted approaches.
Xilonix is a true human antibody that neutralizes interleukin-1 alpha (IL-1α), a key inflammatory signaling cytokine that drives tumor growth and metastasis through various potential mechanisms. IL-1α is present on the surface of monocytes and platelets. Interactions between cell surface associated IL-1α and the vascular endothelium lead to activation and upregulation of adhesions molecules, which is a vital first step not only for white blood cell diapedesis, but also circulating tumor cell metastasis [2, 3] .
Many tumor types also express IL-1α. The presence of this cytokine has been associated with higher histologic tumor grades and worsened clinical outcomes, including an increased likelihood of recurrence after surgery and decreased survival [4] [5] [6] .
Finally, IL-1α is expressed constitutively in epithelial cells of various tissues including the skin, gastrointestinal tract, and lung [7] . This preformed cytokine is released upon necrotic cell death and acts as a danger-associated molecular pattern (DAMP) or Balarmin^ [8] . Release of this DAMP in response to injury, or tissue hypoxia, results in infiltration of the surrounding area by macrophages and neutrophils, with subsequent release of vascular endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), chemotactic factors (IL-8, MCP-1), and IL-6 [9, 10] -all of which are necessary for wound healing in a physiologic state [11] . In the setting of refractory cancer however, this wound healing response may actually be beneficial to the tumor, allowing for neoangiogenesis, growth, metastasis, and escape from immune surveillance through the action of myeloid derived suppressor cells [12] .
Herein we report findings for a cohort of patients with NSCLC treated with Xilonix. These findings are consistent with anti-tumor activity and systemic effects of therapy reported in other patient populations, such as colorectal cancer [13] . In addition, the possibility that EGFR inhibition may render tumors susceptible to immune modulating therapy suggests further approaches for optimizing anti-EGFR and provides clues to the mechanism of anti-tumor activity seen with anti-IL-1α antibody therapy.
Materials and methods

Eligibility
This was an open label, phase I dose escalation and expansion cohort, using Xilonix in patients with advanced cancers. The subset of patients reported herein had metastatic NSCLC that was refractory to all standard therapies. Patients were ≥18 years of age, ECOG 0, 1, or 2 and had adequate hematologic, renal, and hepatic function. Patients with serious uncontrolled medical disorders or active infections were excluded. MD Anderson's Institutional Review Board approved the study and informed consent was obtained from each patient.
Treatment
A 3+3 design was used for dose escalation, and subjects received Xilonix via intravenous infusion every 3 weeks (one cycle) through four dose levels-0.25 mg/kg, 0.75 mg/kg, 1.25 mg/kg, and 3.75 mg/kg; and 3.75 mg/kg every 2 weeks in the highest dose level. Patients were not pre-treated with steroids or anti-histamines. Patients could continue on study until disease progression (radiographic or clinical), unless they elected to leave study earlier or toxicities warranted discontinuation.
Radiographic assessment of tumors
Tumor assessments using Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 were conducted every 8 weeks for 7 of 16 NSCLC patients [14] . Due to the mechanism of action of the agent, which is immunomodulatory, 9 of 16 NSCLC patients were assessed every 10 weeks using the Immune Related Response Criteria (irRC) in an effort to determine if this criteria more accurately captured the antineoplastic effect of Xilonix [15] .
Metabolic assessments
In addition to tumor restaging, body composition measurements, including change in lean body mass (LBM), were performed using dual-energy X-ray absorptiometry (DEXA). Patients underwent DEXA scans at screening and after 8 weeks on study. Quality of life was assessed with the EORTC-QLQ C30 [16] . Resting energy expenditure (REE) was assessed using a handheld, indirect calorimeter (MedGem by Healthtech, Golden CO).
Xilonix
Xilonix (MABP1), is a true human monoclonal antibody specific for human interleukin-1α (IL-1α). The background, pharmacokinetics, and pharmacodynamics of this true human antibody have been previously described by Hong et al. [17] .
Statistical analysis
An intent-to-treat analysis was performed for the safety endpoint and included all enrolled patients with NSCLC who received at least one dose of Xilonix. All patients with evaluable data on baseline and week 8 measures were included in the efficacy analysis assessing change at follow-up.
Baseline, demographics, and safety variables were summarized by descriptive statistics, continuous variables were reported as mean±standard deviation (SD), or median and interquartile range (IQR) if non-normal. Categorical variables were reported as number of cases (n) and percentage.
Repeated measure analysis was performed to compare change (from baseline to week 8) on efficacy variables between patients with and without anti-EGFR pretreatment. Survival analysis was performed by the Kaplan-Meier productlimit method. Overall survival (OS) was defined as the duration between enrollment data and date of death. Patients alive at end of follow-up were censored. Time to progression was measured from enrollment date to documented radiologic review date. The disease control rate was computed as the percent of patients having best-response rating of stable disease. The log-rank test was used to compare cumulative survival and progression free survival (PFS) across groups. SAS 9.2 software (SAS Institute Inc., Cary, NC) was used for analysis.
Results
Population characteristics
Sixteen patients with NSCLC patients were enrolled between March 15 2010 and July 30, 2012 as part of a Phase I dose escalation and expansion [17] . Their median age was 58.5 (IQR 51.5 to 70.3) years, and 62.5 % (10/16) were women. The majority of patients (9 [56.3 %]) had an ECOG performance status (PS) of 1, while 6 (37.5 %) had PS 0, and one (6.2 %) had PS 2. The patients had failed an average of 3.9± 1.6 (median=4) prior systemic regimens. EGFR and KRAS mutational coding sequence, prior to enrollment, was available for 14 and 12 patients respectively. Only 1 of 14 (7 %) the patients was positive for EGFR mutation, and KRAS mutation was observed in 8 of 12 (67) patients (Table 1) .
Ten patients had received erlotinib therapy prior to entering study. Preliminary indications that these patients had positive outcomes prompted a stratified sub-analysis based on erlotinib prior therapy status. Baseline and clinical characteristics of the overall population and prior or no-prior erlotinib therapy is therefore presented.
Adverse events
The most common adverse events (AE) reported in the NSCLC cohort were fatigue (8.5 %), anorexia (6.8 %), dyspnea (3.4 %), and nausea (3.4 %). Most AEs (90 %) were grade 1 or 2. The adverse events greater than or equal to Grade II and at least possibly related to drug were fatigue (1.7 %) and thrombocytopenia (1.7 %). The other grade 3 AEs were headache (1.7 %), nausea (1.7 %), hospitalization for shortness of breath (1.7 %), and focal seizure (1.7 %). There was one serious adverse event (SAE), pneumonia that was reported as possibly related to drug.
More than 100 intravenous infusions were administered without a single infusion reaction. No patient had a dose discontinued, delayed, or reduced for toxicity. Also there were no deaths or discontinuations due to treatment related toxicity.
Pharmacokinetic data
A single patient was treated with 0.75 mg/kg; three received 3.75 mg/kg with a 3 week dosing cycle, and the remaining 12 patients were treated at 3.75 mg/kg with 2 week cycles. The average serum concentrations on days 0 (60 min post-infusion), 8 and 15 (for patients in 3 week cycle) were 87.9, 17.3 and 14.1 μg/ml respectively ( Table 2) . Post-dose antibody concentration did not vary significantly across the dosing cycles (cycle 1 day 1 through cycle 3 day 1, p=0.22). The serum half-life was approximately 3 days (Table 3) .
Pharmacodynamic parameters
Baseline and follow-up plasma interleukin-6 (IL-6) data were available for 15 of the 16 patients.. For the entire group baseline serum IL-6 levels were 13.4±18.1 pg/ml. In the patients with anti-EGFR prior therapy the baseline was 13.9±23.7 pg/ ml (n=9) versus 12.5±4.4 pg/ml (n=6) in the no pretreatment group (p=0.20). After treatment, patients pre-treated with anti-EGFR showed a reduction of −8.2±20.7 (median −1.8) pg/ml in serum IL-6 levels, whereas non-pre-treated patients had an increase of 5.9±11.6 (2.0 [−1.2-8.1]) pg/ml (p=0.16).
Platelet counts declined during the study period, with a mean change from baseline to week 8 in the overall population of −11,000±5400 per microliter (p=0.23). The anti-EGFR pre-treated and no pretreatment groups mean changes were −15,000±3000 (p=0.22) per microliter and −6000±8300 (p=0.81) per microliter, respectively. A mean reduction of −14.9 ±27.4 mg/dL in CRP levels was seen in the anti-EGFR pre-treatment group while patients with no pretreatment had a gain of 15.2±26.9 mg/dL (p=0.21).
Lean body mass and resting energy expenditure Baseline and week 8 DEXA assessments were available for 14 of 16 patients. Overall, patients had a baseline mean lean body mass of 41.4±8.9 kg, which increased to 42.5±9.5 kg during Xilonix™ therapy, representing a mean increase of 1.0± 2.5 kg (p=0.22). For patients with anti-EGFR pre-treatment, a mean lean body mass increase of 1.7±2.6 kg was observed (n=8, p=0.15), while an increase of only 0.2±2.4 kg was noted for non-pretreated patients (n=6, p=1.00).
Results from indirect calorimetry recorded a median reduction in REE of −100±103 kcal/day for the anti-EGFR pretreated group after 8 weeks of therapy with Xilonix (p= 0.08). On the contrary, a significant REE increase of 208± 227 kcal/day was reported in the non-pretreated group during Xilonix therapy (p=0.25).
Quality of life
Assessment of quality of life at baseline and 8 week was performed using cancer specific EORTC QLQ C-30 questionnaire. Complete survey data for both time points was available for 12 patients (7 patients with Anti-EGFR pretreatment and 5 without). Patients with anti-EGFR pretreatment reported improved scores for functional and symptom scales from baseline to 8 weeks, while modest improvement, or worsening was observed in the no pretreatment group. Mean and median values for all seven domains, as well as p-values, are presented in Table 4 .
Tumor responses
Tumor burden was assessed using RECIST methods in seven patients and through irRC in 9. Although there were no objective responses by RECIST or irRC criteria the number of observations suggested cytotoxic activity and objective tumor responses in patients treated with anti-IL-1α therapy (Fig. 1) .
Patient 006 had a Bmixed response^with some lesions increasing in size and some decreasing, and was on trial for 15 weeks. Patient 015 had cavitation of lesions on PET scan, and was on trial for 45 weeks (Fig. 3) . Patient 056 was diagnosed with a metastatic brain lesion approximately 5 days after C1D1, and was subsequently discontinued. A followup chest X-ray revealed a reduction of target lesions and the patient was restarted on therapy, continuing for a total of 12 weeks, until discontinuation due to brain involvement. Patient 074 was on trial for 16 weeks with stable disease. Patient 076 was on trial for 18 weeks with stable disease. Overall 19 % (3/16) patients had SD ≥4 months. Individual patient level demographic, clinical, and genotype characteristics are presented in Table 5 .
Progression-free survival
Patients remained on study for an average of 109±69 (median 95) days. The duration on study in the anti-EGFR pretreatment group was (120±84 (median 97) days) compared to no pretreatment patients (91±27 (median 92) days) (P=0.63). The median PFS time was 57 days in the overall group; 97 days in patients with anti-EGFR pretreatment, and 78 days Fig. 2b .
Discussion
Xilonix was very well tolerated by NSCLC patients, with the validated QoL questionnaire showing clinically significant reductions in pain, fatigue and improved appetite. Self-reporting of improvements in health were corroborated by objective measures, confirming our previous report [6] . The primary limitation of this report however, is the small number of patients which made any comparisons statistically difficult. These finding are largely hypothesis generating (Fig. 3) . The pharmacodynamic endpoints chosen were those expected to be linked to IL-1α physiology and on the basis of their potential correlation with clinical performance and survival in cancer patients. Each of the pharmacodynamic measures in this study-serum IL-6 [18] , CRP, platelet levels [19] , REE [20] and LBM [17] -have been reported elsewhere as predictors of survival. Similarly, self-reported measures of fatigue, pain and appetite loss are known prognosticators for survival [21] . Although the numbers were small and the p-value not significant, reductions in REE and increased LBM were consistent with decreased tumor metabolic demands and/or a correction in metabolic dysregulation from anti-IL-1α therapy. The anti-tumor activity suggested by these pharmacodynamics measures was supported by conventional radiology.
Pharmacodynamic and self-reported measures trended towards improvement in patients that had received prior therapy with erlotinib. Moreover, an intriguing observation suggesting survival benefit was observed with patients that had received prior treatment with-but had progressed on-anti-EGFR therapy. Median overall survival for those previously treated with anti-EGFR therapy was 9.4 months compared to only 4.8 months for non-pretreated patients. Given the small numbers of patients we cannot rule out other factors that could have accounted for this apparent difference, however one hypothesis is a synergistic interaction between anti-EGFR pre-treatment and anti-IL-1α therapy.
Understanding the interaction between anti-EGFR and anti-IL-1α therapy may provide direction to improving targeted and immunological approaches to cancer therapy. A clue to this interaction may be provided by the observation of subtle but radiologically evident tumor cytotoxicity in several patients. Antibody directed cytotoxicity may explain some of the cytotoxic effect, since IL-1α is often highly expressed on tumor cells, but this may not explain the unique pharmacodynamics and clinical benefits seen with erlotinib pre-treated patients. Previous reports of erlotinib's effect on modifying crucial pathways that are involved in recognition and killing of tumor cells by cytotoxic T lymphocytes, may be relevant to explain these observations [22, 23] .
The first step in host immune control of malignant disease is the specific recognition of tumor cells. Cytotoxic T lymphocytes survey for malignant cells by engaging class I HLA molecules on the tumor cell surface, analyzing for the presence of tumor-related antigens [24, 25] .
Observations over the past several decades that reduced class I expression correlates with disease stage has provided some of the most compelling evidence for the existence of host immune surveillance against tumors. Tumor-associated antigens present on class I HLA molecules result in detection of tumor cells by host cytotoxic T lymphocytes. Over time, an outgrowth of tumor cell clones occurs that lack significant HLA expression, or, in other words, clones grow that are not recognized and avoid being destroyed by cytotoxic lymphocytes [26] . Hence the correlation between disease stage and loss of class I expressing tumor.
While the first step is recognition, the second step in control of malignant disease is mediating tumor cell killing. A critical mechanism for sensitizing NSCLC tumors to killing has been recently suggested that involves EGFR inhibition.
Hermann and others have reported that EGFR signaling in tumor cells turns down expression of class I HLA, and that an EGFR inhibitor can be used to increase surface expression of class I molecules [22, 23] . The ability of anti-EGFR therapy to facilitate class I expression on tumor cells may thus be critically important for facilitating recognition of tumor cells by cytotoxic T lymphocytes. Patients that have progressed on erlotinib therapy, may have tumors with upregulated class I HLA expression [27, 28] , which would prime tumor cells for recognition and killing by cytotoxic T lymphocytes. However, negative immunoregulatory actions of myeloid suppressors and T regulatory subsets in the tumor microenvironment may undermine the potential for cell-mediated control of the tumor during erlotinib treatment, resulting in disease progression on erlotinib therapy. These immunoregulatory cells can be recruited initially through the release of IL-1α from necrotic tumors or the surrounding tissue [29] , and can be perpetuated by mediators that are downstream of IL-1α, such as IL-6 [30] . In diseases characterized by sterile inflammation, such as cancer, elevated serum IL-6 levels indeed may be a surrogate for increased IL-1 signaling [31] . At the level of the tumor microenvironment, increases in IL-6 production also occur secondary to EGFR blockade [32, 33] , which further feeds the cycle of immunosuppression due to inflammation.
Serum IL-6 levels have been shown to be a prognostic indicator for worsened survival in some tumors [34] . IL-6 has also been identified as a potential target in the treatment for the symptoms of cancer associated cachexia [35] . The concept of this inflammatory cytokine contributing to the development of drug resistance however, is relatively new and certainly intriguing. Recent pre-clinical trials though, have suggested that induction of IL-6 may be one of the key mechanisms in the development of resistance to anti-EGFR therapies [36, 37] .
Treatment with anti-IL-1α therapy is expected to not only decrease systemic inflammation, but also to alter the inflammatory milieu of the tumor, reducing the presence or activity of myeloid suppressor and T regulatory cells that abrogate cytotoxic T lymphocyte-mediated tumor clearance [38] . With erlotinib sensitization of tumors, anti-IL-1α therapy was better enabled to boost host immune control of the disease. While this effect was not great enough in the EGFR-pretreated patients to provide wide observations of radiographic responses, it may have been substantive enough to improve progression free survival as well as overall survival.
Considering the rapid development and widespread use of anti-EGFR agents, the discovery that anti-EGFR failure can be exploited to enhance immune modulating anti-tumor therapy is of urgent relevance to management of hitherto refractory patients. The use of anti-IL-1α monoclonal antibody therapy in these patients maybe a new approach in EGFR treatment failed patients. Further study in NSCLC with larger patient numbers with anti-IL-1α monotherapy and in the context of anti-EGFR agents or anti-EGFR refractory patients is warranted.
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